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p-π共轭分子的氨基面外弯曲振动模的拉曼光谱
陶 莎 于利娟 吴德印* 田中群
(厦门大学化学化工学院化学系, 固体表面物理化学国家重点实验室, 福建 厦门 361005)
摘要: 拉曼光谱是一种用途广泛的无损分子检测技术, 其能够提供化学物质的分子结构指纹信息. 一种面外
弯曲振动模被称作wagging振动, 它的信号尤为特殊, 其频率和强度都非常依赖于检测环境. 以乙烯胺和苯胺
为例, 采用密度泛函理论计算研究了p-π共轭分子分别与水簇和银簇作用的平衡结构、成键作用和拉曼光谱.
结果表明, 弱相互作用, 如分子与金属表面的弱吸附作用以及分子与水之间的氢键作用, 均使氨基面外弯曲振
动模(ωNH2)的拉曼信号发生显著的变化. 考虑溶剂化效应后, 氢键作用减弱, 计算拉曼光谱趋于一致. 通过进一
步对电子结构的分析, 解释了面外弯曲振动信号显著增强的原因, 揭示了面外弯曲振动模与分子p-π共轭作用
之间的关系.
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Abstract: Raman spectroscopy has been widely used as a non-destructive testing and molecular
recognition technology, providing fingerprint information for chemical and biological molecular structures.
One type of out-of-plane bending vibration observed in Raman spectroscopy is named the‘wagging
vibration’. The Raman signal of the wagging mode is very sensitive; not only the vibrational frequency but
also the Raman intensity depends strongly on environment factors. In this report, density functional theory
(DFT) calculations are used to study the equilibrium structures, binding interactions, and Raman spectra of
vinylamine and aniline as well as their complexes with silver clusters and water clusters. Vinylamine-silver
and aniline-silver clusters were used to simulate the interactions of the molecules adsorbed on silver
surfaces, while vinylamine-water and aniline-water clusters were used to investigate the hydrogen bonding
interactions of vinylamine and aniline with water clusters. Our calculated results show that the Raman
signal of the amino wagging mode strongly depends on the hydrogen bonding interaction of the nitrogen
lone pair in the amino group with the O―H bond of water. Increasing the size of the water clusters causes
a large blue shift and considerable enhancement in the intensity of the wagging vibration. When the
polarized continuum model was used to consider the solvation effect, the electrostatic interaction
contributing to the hydrogen bond was weakened. In this case, the simulated Raman spectra were similar
to each other. For vinylamine and aniline interacting with silver clusters, the Raman signals of the amino
wagging vibration were changed by the weak binding interaction, revealing the relationship between the
abnormal signal of wagging vibrations and the weak interaction in p-π-conjugated systems.
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用不同的杂化密度泛函 B3LYP、X3LYP 和 M06 进
行了理论计算. 本文所有密度泛函理论计算由


























































式中, h、c、kB 和 T 分别为 Planck 常数、光速、


























Fig.1 Optimized structures of aniline (a) and vinylamine (b) interacting with one, three, and five water molecules in
the gas phase calculated at the B3LYP/6-311+G(d, p) level
The unit of bond length is in nm and the values in parentheses are calculated by the solute model of density (SMD).
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率是 958 cm-1.34 甲基取代氨的一个氢后, 三种泛函
预测甲胺的ωNH2频率为808和801 cm
-1, 其略大于实
验观测值(780 cm-1).35 在乙烯胺和苯胺中, 由于 p-π
共轭作用, 理论计算谐振动频率小于甲胺中相应的







































振动的谱峰. 图 3(A, C)是在气相中计算的拉曼光
谱. 从图上可以看到, 不论是苯胺还是乙烯胺, 其氨
基的面外弯曲振动模均依赖于氨基周围水分子的
数目, 与其分子本身的拉曼光谱(表 1)相比, 频率有





Table 1 Vibrational Raman frequencies (ωi) and intensities (Si) of ωNH2 calculated by different density functional theory
methods for methylamine, vinylamine, and aniline







































Fig.2 Plots of p-π conjugated orbitals in vinylamine and
aniline formed from the lone pair orbital in the






的趋势. 对于乙烯胺与水分子作用, 如图 3(C)所示,
ωNH2的频率也随着水簇的增大发生显著蓝移. 在这

























Table 2 Calculated frequencies (ωi), Raman activity (Si), hydrogen bonding energy (BE), and vibrational assignment of
ωNH2 for C6H5NH2-nH2O and C2H3NH2-nH2O complexes (n=1, 3, 5) in the gas phase as well as that with SMD model



























































































































































图3 在B3LYP/6-311+G(d, p)水平下计算的苯胺(A, B)和乙烯胺(C, D)与一个(a), 三个(b)和五个(c)水分子作用的拉曼光谱图
Fig.3 Simulated Raman spectra of aniline (A, B) and vinylamine (C, D) interacting with one (a), three (b), and five (c) water
molecules calculated at the B3LYP/6-311+G(d, p) level
The incident wavelength of 514.5 nm was used here with Lorentzian line width of 10 cm-1. (A) and (C) are calculated in the gas phase;























共轭效应减弱. 一方面, C―N键长增加, 电荷从氮
上转移到银簇加强了乙烯胺与银之间的相互作用,
此时氨基的翻转角从自由分子中的 37.1°增大到
48.5°, 氨基氮原子的 sp3杂化性质增加. 这导致ωNH2
振动的频率升高到 901 cm-1, 与自由分子中该振动
模的拉曼强度比较, 吸附态的拉曼强度增大约 15
倍. 另一方面, 这一作用也使 C＝C 键长显著缩短,
导致π键的定域性质增强, 因此ωCH2振动的频率发生
蓝移. 当分子以π键与银簇作用时, C＝C键长变长,





分子的 39.2°增大到 50.6°, 此时氮原子上的孤对电
子与苯环的共轭效应减弱, 导致C―N键长伸长, 而
氨基氮原子的 sp3杂化性质增加, 因此ωNH2的频率升
高到934 cm-1, 拉曼强度增大约15倍. 比较乙烯胺和
表3 B3LYP/6-311G(d, p)/LANL2DZ(Ag)水平下计算的
C2H3NH2-Agn (n=1, 2, 3, 4)复合物的结构参数和成键能
Table 3 Structural parameters and bonding energies (BE)
for C2H3NH2-Agn (n=1, 2, 3, 4) complexes calculated at


















































Fig.4 Optimized structures and the plots of bonding
orbitals for vinylamine interacting with a silver cluster Ag4
via methylene group (a) and amino group (b)
表4 B3LYP/6-311G(d, p)/LANL2DZ(Ag)水平下计算乙烯胺和苯胺与Ag4复合物的翻转角(θ)、C―C键长(l)等结构参数、
面外弯曲振动模的频率(ωi)和拉曼强度(Si)
Table 4 Inversion angle (θ), structural parameters (l), vibrational frequencies (ωi), and Raman intensities (Si) of
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